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Alternative use of Bacillus subtilis 
spores: protection against 
environmental oxidative stress in 
human normal keratinocytes
Ganna Petruk1, Giuliana Donadio2, Mariamichela Lanzilli2, Rachele Isticato2 & Daria Maria Monti1,3
Inorganic trivalent arsenic is a major environmental pollutant and exposure to human results in many 
pathologies, including keratosis and carcinoma. Here, we analyzed the effects of B. subtilis spores on 
human normal keratinocytes in the presence of sodium arsenite oxidative stress. Pre-treatment of 
cells with spores before inducing oxidative stress was able to keep normal levels of intracellular ROS, 
GSH and lipid peroxidation, as well as to inhibit the activation of the MAPK cascade. Moreover, spores 
showed a positive effect on cell proliferation, probably due to their binding on the cell surface and the 
activation of intracellular catalases. We found that spores exert their protective effect by the nuclear 
translocation of Nrf-2, involved in the activation of stress response genes. This, in turn, resulted in a 
protective effect against sodium arsenite stress injury, as oxidative stress markers were reported to 
physiological levels when cells were stressed before incubating them with spores. Therefore, B. subtilis 
spores can be considered as a new agent to counteract oxidative stress on normal human keratinocytes.
Arsenic is a natural element widely present in food, water, air and soil1. The inorganic form exists predominantly 
in trivalent (As3+, such as sodium arsenite and arsenic trioxide) or pentavalent (As5+) form2 and is generally 
considered more harmful than organic forms3. Epidemiological studies have shown that chronic exposure to 
trivalent arsenite is associated with dermal toxicity, neurodegenerative disorders, cardiovascular diseases and the 
increased incidence of cancer in lung, skin, bladder, and liver4–6. The major form of trivalent arsenite is sodium 
arsenite (herein denoted as SA), a water contaminant, known to induce several human diseases5,7. Indeed, SA 
carcinogenicity has been evaluated by International Agency for Research on Cancer (IARC) for the first time 
in 19733. Moreover, it has been reported that the exposure of human cell lines to SA increases the production of 
reactive oxygen species (ROS)8–10, which induce intracellular oxidative stress and result in oxidative DNA damage 
and end into apoptosis11,12.
Cells are equipped with an array of antioxidant systems, as the superoxide dismutases (SODs), which catalyze 
the dismutation of superoxide anions into H2O2 and oxygen, maintaining a low intracellular ROS level. H2O2 is 
reduced by various systems, mainly by catalases and peroxidases. However, these endogenous systems are often 
insufficient for complete scavenging of ROS. Thus, endogenous or exogenous antioxidants have been proposed to 
be potentially beneficial in reducing SA-induced toxicity. Nowadays, a continuous search for new products able 
to prevent or retard stress-induced damages is still needed. Here, we propose the use of bacterial spores of Bacillus 
subtilis to counteract SA-induced damage.
Bacteria spores are metabolically dormant. They are produced by members of various Bacillus species in 
response to harsh environments13. The spore can survive in this state for long time, resisting to a vast range of 
stresses, such as high temperature, dehydration, absence of nutrients and presence of toxic chemicals14. When the 
environmental conditions ameliorate, spores germinate, thus giving rise to vegetative cells able to grow and to 
sporulate again in case conditions should require it.
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Some Bacillus species are on the Food and Drug Administration’s GRAS (generally regarded as safe) list and 
several spore-based products are widely commercialized as probiotics for human and animal use15,16. It has been 
shown that the ingestion of spores produced by B. subtilis, the model organism for spore formers, restores the 
normal microbial flora following extensive antibiotic use or illness17. B. subtilis is a ubiquitous bacterium found 
on skin, in the digestive tract, in epithelial wounds, on extremities of the human body, in livestock and in soil18,19. 
Thus, it has developed adaptive strategies to subsist in different environments via the production and secretion of 
a large number of molecules that could exert a probiotic activity in the host20,21. In this article, the bacterial spores 
are used in a different field, i.e. that of exploiting their formidable resistance properties to prevent sodium arsenite 
oxidative stress in epithelial cells. Human keratinocytes have been selected as model epithelial cells since these 
cells are normally present in the outermost layer of the skin and more exposed to environmental stress.
Results
Effects of B. subtilis spores on human normal keratinocytes. Human keratinocytes (HaCaT cells) 
were chosen because normally exposed to different environmental stress, so they can be considered as guard cells 
of the body. The biocompatibility of wild type spores of B. subtilis (PY79) on HaCaT cells was tested by a time-
course and dose-response test, using a ratio from 1:1 to 1:50 (cells:spore). As shown in Fig. 1, spores had a positive 
effect on cell viability, as an increase of about 60% and 30% was observed after 24 and 48 h, respectively, at the 
highest ratio used. No significant increase in cell viability was observed after 72 h, as normal cells are sensitive to 
the contact inhibition phenomenon, stopping their growth when they become confluent. On the basis of these 
results, subsequent experiments were carried out at a ratio 1:50 (cells:spore).
It has been reported that B. subtilis spores are not able to properly germinate and outgrowth in cell culture 
medium for at least 5 hours22. In our experimental conditions, a partial loss of spore-refraction was observed 
after 24 h incubation, in the presence of 5% CO2, in complete medium, in the absence or presence of HaCaT cells. 
After 72 h incubation, the number of black spores represented the 90% of the total spores and no vegetative cells 
were observed. These data suggest that spores are able to start the germination process, but not the outgrowth, 
according to previously published data22.
Pretreatment with B. subtilis spores inhibits SA-induced damage in eukaryotic cells. Trivalent 
inorganic arsenic (iAs3+) is a toxic and carcinogenic environmental contaminant that humans are inadvertently 
exposed to every day through water, food and air. Epidemiological investigations demonstrate that long-term 
exposure to SA leads not only to different types of cancer in skin, but also in lung, liver, kidney and bladder5. SA 
exerts its toxic effect through ROS generation that, produced in the mitochondria, cause loss of GSH homeostasis 
and oxidations of molecules (such as formation or lipid peroxides)23. To analyze the effects of Bacillus spores on 
cells subjected to oxidative stress, HaCaT cells were pretreated with PY79 spores for 30 min and then stressed 
by using 300 µM SA. Immediately after oxidative stress induction, ROS production was determined by using 
H2DCFDA (2,7-dichlorofluorescin diacetate) (Fig. 2A). As expected, 45 min treatment with SA induced a 90% 
increase in ROS intracellular levels compared to control cells (Fig. 2A). Interestingly, when cells were incubated 
with spores before SA treatment, no increase in ROS level was observed (p < 0.001). This finding suggests that 
mitochondrial dysfunction, induced by SA treatment, may be prevented by PY79 through a ROS-mediated sign-
aling pathway. It is known that GSH is the most abundant low molecular weight thiol that plays important roles 
in redox, nutrient metabolism, and regulation of cellular events24, and is oxidized during oxidative stress. Thus, 
we analyzed intracellular GSH content in cells incubated in the presence of spores. Following SA-oxidative stress 
induction, we found a 30% decrease (p < 0.001) in intracellular GSH levels with respect to control cells, whereas 
GSH levels were unaltered in cells incubated with spores and then stressed (Fig. 2B). The anti-stress activity of 
spores was further confirmed by TBARS assay, in which the peroxidation level of lipids was analyzed. The result of 
the experiment is reported in Fig. 2C and it clearly shows that administration of spores was able to keep unaltered 
lipid peroxidation levels. In fact, cells pre-treated with spores and then exposed to SA stress showed significantly 
lower intracellular levels of lipid peroxidation (100%, p < 0.01) if compared to untreated cells exposed to SA.
Figure 1. Effects of PY79 spores on human normal keratinocytes. Dose-response bar blot of HaCaT cells 
after 24, 48 and 72 h incubation in the presence of different concentrations of PY79 spores, in a ration from 1:1 
to 1:50 (cells:spores). Cell survival percentage was defined as reported in Methods section. Values are given 
as means ± S.D. (n ≥ 3). *Indicates p < 0.05; **Indicates p < 0.005, ***Indicates p < 0.001, ****Indicates 
p < 0.0001, with respect to untreated cells of each time point.
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Figure 2. Analysis of the oxidative stress markers in HaCaT cells exposed to SA treatment in the presence of 
PY79 spores. Cells were pre-incubated in the presence of PY79 (1:50, cells:spores) for 30 min and then 300 µM 
SA was added to the culture medium for 45 min. (A) intracellular ROS levels were determined by DCFDA assay; 
(B) intracellular GSH levels determined by DTNB assay; (C) lipid peroxidation levels determined by TBARS 
assay. Values are expressed as fold increase with respect to control cells. Data shown are the means ± S.D. of 
three independent experiments. *Indicates p < 0.05, **Indicates p < 0.005, ****Indicates p < 0.0001, with 
respect to control cells; §§Indicates p < 0.005, §§§Indicates p < 0.001, §§§§Indicates p < 0.0001, with respect to SA-
treated cells; #Indicates p < 0.05; ##Indicates p < 0.005 with respect to PY79-treated cells.
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The protective effect of B. subtilis spores was finally confirmed by Western blot experiments. In particular, we 
analyzed the phosphorylation levels of p38, its direct target, MAPKAPK-2 and HSP-27 (Fig. 3). These proteins 
are important members of the mitogen-activated protein kinase (MAPK) family, and are directly involved in 
oxidative signaling stress pathways25. Under stress conditions, we observed a significant increase in the phos-
phorylation levels of these three proteins, as expected (Fig. 3, third lanes). On the other hand, co-treatment of 
cells with PY79 spores and SA resulted in the inhibition of the phosphorylation of the analyzed markers (Fig. 3, 
fourth lanes). No oxidative stress was observed when cells were incubated with spores. Even though we cannot 
exclude that the levels of the proteins studied, rather than their phosphorylated forms, might vary, we believe 
that the alteration in the phosphorylation level of the three markers is due to SA treatment, as SA is known to 
induce phosphorylation of p38 and its targets26,27. Therefore, the present study suggests that skin toxicity induced 
by exposure to arsenic can be easily counteracted by adding B. subtilis spores. This new use of spores would be a 
novel strategy to protect derma cells from SA toxicity.
To verify whether the observed protective effect of the spores was not specific for the cell line or the induced 
stress type, we repeated the experiments using a different cell line, i.e. human colon cancer (LoVo) cells, stressed 
by SA, a well-known water contaminant5. Alternatively, HaCaT cells were exposed to a different oxidative stress 
inducer, i.e. UVA radiation, which normally reaches the outermost layer of the skin25.
HaCaT cells were incubated with increasing number of spores (from ratio 1:1 to 1:50) for 30 min and then 
stressed by UVA irradiation (20 J/cm2). After 90 min, cell lysates were analyzed by Western blotting. UVA induced 
a significant increase in the phosphorylation level of p38, whereas incubation of cells with spores prior to UVA 
irradiation, resulted in a dose-dependent decrease of p38 phosphorylation level. In particular, in the ratio 1:50, 
this level was similar to that observed in non-irradiated cells (Fig. S1A, p < 0.0001).
As for LoVo cells, cells were co-treated with 300 µM SA and spores and then intracellular ROS, GSH levels 
and lipid peroxidation were analyzed. As shown in Fig. S1(B–D), no alteration of these markers was observed 
during co-exposure of cells to SA spores, suggesting a general efficacy of spores in counteracting oxidative stress 
(Fig. S1).
B. subtilis spores are able to heal keratinocytes after SA injury. In the search of a general anti-stress 
application of spores, we evaluated if PY79 spores could restore cells after SA injury. To this purpose, cells were 
first stressed by SA for 45 min and then incubated for 30 min with spores. ROS production, GSH oxidation, acti-
vation of MAPK cascade and lipid peroxidation were evaluated at the end of incubation (Fig. 4). Interestingly, 
SA-induced alteration in ROS and GSH levels was suppressed by the presence of spores, as ROS and GSH levels 
were similar to those obtained for untreated and for spore-treated cells (Fig. 4A,B). Accordingly, a decrease in the 
Figure 3. Effect of spores on SA-induced oxidative stress markers in HaCaT cells. Western blots show the 
phosphorylation levels of p38 (upper panel), HSP-27–2 (middle panel) and MAPKAPK (lower panel), with 
the relative densitometric analysis in the absence (black bars) or in the presence (white bars) of SA. GAPDH 
was used as internal standard. Full-length blots are presented in Supplementary Figure S2. **Indicates 
p < 0.005, ***Indicates p < 0.001, ****Indicates p < 0.0001, with respect to control cells; §§§Indicates p < 0.001, 
§§§§Indicates p < 0.0001, with respect to SA-treated cells; ##Indicates p < 0.005, ###Indicates p < 0.001, with 
respect to PY79-treated cells.
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phosphorylation level of p38 and in lipid peroxidation levels was detected after SA injury and spore-treatment 
(Fig. 4C,D).
The spore-induced antioxidant activity is regulated by Nrf-2 nuclear translocation. In order to 
get insights into the molecular mechanism of B. subtilis spores-protective effect, we analyzed the involvement of 
the transcription factor Nrf-2. Under normal physiological conditions, Nrf-2 is associated to Keap-1, which keeps 
Nrf-2 in the cytosol and directs it to proteasomal degradation. Upon either oxidative stress induction and/or in 
the presence of antioxidants, Keap-1 dissociates from Nrf-2. Nrf-2 is thus translocated to the nucleus, binds to 
antioxidant responsive element (ARE) sequences and activates the transcription of several antioxidant enzymes28. 
Figure 4. Ability of spores to heal SA-induced oxidative stress in HaCaT cells exposed to SA treatment. Cells 
were stressed by 300 µM SA for 45 min and then incubated in the presence of PY79 (1:50, cells:spores) for 
30 min. (A) intracellular ROS levels were determined by DCFDA assay; (B) intracellular GSH levels determined 
by DTNB assay; (C) Western blots show the phosphorylation levels of p38 (upper panel), MAPKAPK-2 (middle 
panel), with the relative densitometric analysis in the absence (black bars) or in the presence (white bars) of SA. 
GAPDH was used as internal standard. Full-length blots are presented in Supplementary Figure S2; (D) lipid 
peroxidation levels determined by TBARS assay. Values are expressed as fold increase with respect to control 
cells. Data shown are the means ± S.D. of three independent experiments. *Indicates p < 0.05, **Indicates 
p < 0.01, ***Indicates p < 0.001, ****Indicates p < 0.0001, with respect to control cells; §§Indicates p < 0.005, 
§§§Indicates p < 0.001, §§§§Indicates p < 0.0001, with respect to SA-treated cells; #Indicates p < 0.05, ##Indicates 
p < 0.005, with respect to PY79-treated cells.
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Figure 5. PY79 spores effects on HaCaT cells. (A) Western blot analysis for Nrf-2 was performed on cytosolic 
and nuclear proteins obtained from HaCaT cells after incubation with spores (ratio 1:50) for 5 min (white 
bars), 15 min (dark grey bars) and 30 min (light grey bars). Nrf-2 was quantified by densitometric analysis 
and normalized to GAPDH (cytosol) or B-23 (nucleus). (B) Western blot analysis for HO-1 was performed 
on total proteins obtained from HaCaT cells after incubation with spores (ratio 1:50, light grey bars) or 
quercetin (25 µM, dark grey bars) for 15 min and 30 min. HO-1 was quantified by densitometric analysis 
and normalized to GAPDH. Full-length blots are presented in Supplementary Figure S2. Data shown are the 
means ± S.D. of three independent experiments. *Indicates p < 0.05, **Indicates p < 0.005, ***Indicates 
p < 0.001 ****Indicates p < 0.0001, with respect to control cells; §§§§Indicates p < 0.0001, with respect to 
PY79-treated cells for 5 min. (C) Catalase assay on HaCaT cells in the presence of PY79 spores. Cells were 
exposed to spores (1:50) for 30 min and then 50 µg of cell lysates were incubated with 0.036% (w/w) H2O2. Then, 
H2O2 concentration in solution was determined by measuring the absorbance at 240 nm. The experiments 
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It has been recently reported that lactobacilli, well-known probiotics, can elicit their beneficial effect, in intestinal 
epithelium cells, upon NOX binding29,30. This binding induces the generation of near threshold levels of ROS, 
sufficient to induce Nrf-2 nuclear translocation29,30. Therefore, we incubated HaCaT cells in the presence of PY79 
spores for different length of time (from 5 min to 30 min) and lysates were analyzed by Western blotting using a 
Nrf-2 antibody. As shown in Fig. 5A, an increase in both cytosolic and nuclear Nrf-2 levels was observed after 
5 min incubation, and then the nuclear signal decreased over time. Nrf-2 activation was confirmed by measuring 
heme oxygenase 1 (HO-1) level. This protein was chosen as it has been reported that the Nrf-2/ARE mediate the 
expression of many detoxification enzymes, such as HO-1 and SOD31. We found that a significant increase in 
HO-1 level was observed after 30 min incubation of cells in the presence of spores (Fig. 5B). In order to confirm 
the specificity of HO-1 activation, 25 µM quercetin was used as a positive control. This antioxidant molecule is 
known to activate Nrf-2 pathway and to induce an increase in HO-1 level32,33. Nrf-2 activation was further con-
firmed by measuring the H2O2 consumption, directly related to the catalase activity. As reported in Fig. 5C, the 
catalase activity detected in keratinocyte lysates after incubation with spores was higher than in untreated cells 
(p < 0.0001). One should consider that no catalase activity was detected in B. subtilis spores when 1 × 109 spores 
were tested (Fig. 5C). Moreover, the antioxidant activity observed is not related to spores’ intracellular enzymes, 
as spores are resistant to the lysis procedure followed for eukaryotic cells34. Spores ability to bind specifically to the 
cells was analyzed by using spores bound to fluorescent proteins35. Cells were incubated as described above, in the 
presence or absence of 0.6 M NaCl. High salt treatment was used to remove specifically bound spores, as this is a 
well-established procedure to remove surface bound ligands36. The results shown in Fig. 5D indicated that about 
5% of the total amount of fluorescently labeled spores were specifically bound to the cell surface, and that, after 
incubation with NaCl, a significant decrease in fluorescence intensity was observed (p < 0.001).
Finally, the number of spores bound to the surface of HaCaT cells was measured by performing another 
experiment. Cells were treated as described above, but at the end of incubation, cells were detached by trypsin. 
The pellet, containing cells and the spore bound to the cells, was plated on LB-agar plates. Then, colonies were 
counted and the total colony forming units (CFUs) were reported in the histograms of Fig. 5E. Results clearly 
indicated that about 5% of initial spores remained bound to the cells, and after NaCl treatment, a significant 
decrease in CFUs was observed. These results were perfectly in agreement with those obtained in Fig. 5D.
Conclusions
Trivalent arsenite is a severe environmental injury to which humans are normally exposed. It has been associated 
with many disorders, from cardiovascular to cancer4–6. Human population is mostly exposed to SA through inha-
lation, ingestion and dermal contact37. Several lines of evidence demonstrated that exposure of human cell lines 
to SA induces an increase in ROS levels, DNA damage and leads to apoptosis8–12. In this context, we investigated 
the possibility of an alternative and innovative use of B. subtilis spores. In particular, using an array of biochemical 
methodologies, we analyzed the protective effect of spores in counteracting the SA-induced oxidative stress on 
human normal keratinocytes. Spores clearly induced a positive effect both in the prevention of stress as well as 
when used to heal cells after stress injury. This applicability was found to be independent of the cell type used and 
the source of stress, as the same protective effect was observed when colon cells were stressed by SA and when 
UVA was used on HaCaT cells (see Fig. S1). It is worth to notice that the protective effect exerted by spores is 
not only due to the antioxidant activity of the spore, but to the activation of Nrf-2, a nuclear transcription factor, 
actively involved in oxidative stress response28. As already reported, gut bacteria (as B. subtilis and L. plantarum) 
stimulate ROS production in epithelial cells by an enzymatic mechanism analogous to the pathogen-induced 
respiratory burst in phagocytes29,38. Interestingly, enzymatically generated ROS in the epithelia are stimulated 
not only by potential pathogens, but also by symbiotic bacteria, especially members of the Lactobacilli taxon. 
Bacteria promote cell proliferation and migration39,40, accelerate restitution post injury41 and modify epithelial 
NF-kB signaling42. Recently, Jones and co-workers demonstrated that the presence of L. plantarum was able to 
slightly increase ROS production, just enough to promote the dissociation between Keap-1 and Nrf-230. The 
increase in ROS levels is mediated by the catalytic action of NADPH oxidases, such as Nox-1, present on the cell 
membrane. The expression of Nox enzymes has been found in barrier cells, including phagocytes, colon, lung and 
kidney epithelium, as well as in keratinocytes, and it seems to have a role in the defense of the organism, since it 
is activated by microorganisms or inflammatory mediators43. The finding that spores are able to bind to HaCaT 
cells suggests an activation of Nox, which will result in an increase of ROS levels and consequently in the nuclear 
translocation of Nrf-2. Accordingly, in our experimental system, no difference in p38 phosphorylation level was 
observed between control cells and cells incubated with spores after 75 min incubation (Fig. 3), whereas a small, 
were performed in triplicate and the data were expressed as the mean of three independent experiments. 
***Indicates p < 0.001, ****Indicates p < 0.0001, with respect to spores; §§§§Indicates p < 0.0001, with respect 
to control cells. (D), Adhesion of spores to HaCaT cells. Cells were incubated with PY79 fluorescent spores 
(1:50, cells:spores) for 30 min, treated in the presence or absence of 0.6 M NaCl in PBS, washed, fixed and 
observed by fluorescence microscopy, as described in Methods section. A representative image is reported for 
both the experimental conditions tested. The same field has been observed by phase contrast and fluorescence 
microscopy. Merged panels are reported. The exposure time was of 200 ms. Scale bar 1 mm. Histograms on the 
right represent quantitative data obtained by spectrofluorimetric analysis. Values are expressed as fluorescence 
intensity. Data shown are the means ± S.D. of three independent experiments. (E) Determination of the 
number of spores bound to HaCaT cells. Input, total number of PY79 spores used. In (D and E), ****Indicates 
p < 0.0001, with respect to control cells; ###Indicates p < 0.001, ####Indicates p < 0.0001 with respect to PY79-
treated cells without NaCl treatment.
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although significant, increase was observed after 30 min incubation (Fig. 4). This result is in line with the hypoth-
esis that the interaction between spores and cells gives rise to a transient, not toxic, activation of the oxidative 
stress pathway. The activation of the antioxidant system, through the up-regulation of Nrf-2, is critical for the 
protection of skin cells from oxidative stress-induced damage. Thus, our findings suggest that spores can be an 
effective component in the treatment of skin damage, photo-aging, and skin cancers.
Methods
Bacillus subtilis strains used and preparation of spores. B. subtilis wild type strain PY79 was used44. 
Sporulation was induced by exhaustion by growing cells in DSM (Difco Sporulation Medium) as described by 
Nicholson and Setlow34. After 30 h incubation at 37 °C, spores were collected, washed four times, incubated 
overnight in water at 4 °C to lyse residual sporangial cells and purified on a step gradient of 20% to 50% of 
Gastrografin45.
Cell culture and cell survival assay. Human normal keratinocytes (HaCaT) and epithelial colorectal ade-
nocarcinoma cells (LoVo) were obtained from ATCC. Both cell lines were cultured in Dulbecco’s Modified Eagle’s 
Medium (Sigma-Aldrich), supplemented with 10% fetal bovine serum (HyClone), 2 mM L-glutamine and anti-
biotics, all from Sigma-Aldrich, in a 5% CO2 humidified atmosphere at 37 °C. For sub-culturing cells, the culture 
medium was removed and cells were rinsed with PBS, detached with trypsinEDTA and diluted in fresh complete 
growth medium.
Cells were seeded in 96-well plates (100 μL/well) at a density of 2 × 103/well (HaCaT cells). For dose-dependent 
survival assays, 24 h after seeding, increasing amount of spore (from 1:1 to 1:50) were added to the cells for 
24–72 h. At the end of incubation, cells were detached by trypsin, centrifuged at 1000 g for 5 min at r.t. and the cell 
pellet was resuspended in 0.4% trypan blue buffer (Sigma-Aldrich) and counted in the hemocytometric chamber 
(Burker chamber, Sigma-Aldrich).
Oxidative stress. To analyze oxidative stress, cells were plated at a density of 4 × 104 cells/cm2 (LoVo cells) 
and 2 × 104 cells/cm2 (HaCaT cells). 24 h after seeding, cells were incubated for 30 min in the presence or absence 
of PY79 spores (1:50, cells:spore), and then incubated in the presence of 300 µM SA for 45 min at 37 °C (treatment 
before injury). In a second group of experiments, cells were stressed with 300 µM SA for 45 min at 37 °C and then 
cell medium was changed to remove SA and cells were incubated for 30 min in the presence or absence of spores 
(treatment after injury). In case of UVA treatment, 24 h after seeding, cells were incubated for 30 min in the pres-
ence or absence of spores and then the medium was removed and cells were washed twice with PBS. After wash-
ing, cells were covered with a thin layer of PBS and irradiated for 2 min with UVA light (20 J/cm2). Subsequently 
to oxidative stress, cells were washed again with PBS and re-incubated with spores at 37 °C for 90 min.
Measurement of intracellular ROS levels. To estimate ROS production, the protocol described 
in46 was followed. Briefly, at the end of incubation cells were incubated with a cells permeable probe, 2′,7′-dic
hlorodihydrofluorescein diacetate (H2-DCFDA, Sigma-Aldrich). The non fluorescent H2DCFDA becomes fluo-
rescent product, 2′,7′-dichlorofluorescein (DCF), in the presence of different species of ROS. Fluorescence inten-
sity was measured by a Perkin-Elmer LS50 spectrofluorimeter (525 nm emission wavelength, 488 nm excitation 
wavelength, 300 nm/min scanning speed, 5 slit width for both excitation and emission). ROS production was 
expressed as percentage of DCF fluorescence intensity of the sample under test, with respect to the untreated 
sample.
Measurement of intracellular total GSH levels. Total activation of the GSH synthetic pathway was 
monitored by measuring GSH concentrations in the cells. Intracellular GSH levels were estimated as procedure 
previously was described25. Briefly, at the end of incubation, cells were detached by trypsin, lysed and protein 
concentration was determined by the Bradford assay. Then, 50 µg of proteins were incubated with 3 mM EDTA, 
144 µM 5,5′-dithiobis-2-nitrobenzoic acid (DTNB) in 30 mM TrisHCl pH 8.2, centrifuged at 14,000 g for 5 min at 
4 °C and the absorbance of the supernatant was measured at 412 nm by using a multiplate reader (Biorad). GSH 
levels were expressed as the percentage of TNB absorbance in the sample under test with respect to the untreated 
sample.
Measurement of lipid peroxidation. The thiobarbituric acid reactive substances (TBARS) assay quanti-
fies a by-product of lipid peroxidation, the malondialdehyde, that reacts with thiobarbituric acid (TBA) forming 
an abduct (MDA-TBA).
We used the protocol described by Del Giudice et al.47. Briefly, at the end of incubation, cells were kept for 
90 min at 37 °C, then detached and suspended (5 × 104 cells) in 0.67% thiobarbituric acid (TBA) and 20% trichlo-
roacetic acid (1:1 v/v). After heating and centrifugation at 3000 g for 5 min at 4 °C, samples were read at 532 nm. 
Lipid peroxidation levels were expressed as the percentage of the absorbance at 532 nm of the sample under test, 
with respect to untreated cells (100%).
Western blot analyses. HaCaT cells were plated at a density of 2 × 104 cells/cm2 in complete medium for 
24 h and then treated as described above (paragraph 4.3); 25 µM quercetin (Sigma-Aldrich) was used on HaCaT 
cells for 15 or 30 min. After treatment, total cell lysate was obtained by resuspend each cell pellet in 50 µL of 
lysis buffer (100 mM Tris-HCl, 300 mM NaCl and 0.5% NP40 at pH 7.4, with addiction of inhibitors of pro-
teases and phosphatases). Nuclear pellet was obtained after extracting cytosolic proteins with PBS buffer con-
taining 0.1% triton and proteases inhibitors. Nuclear lysate was obtained by resuspending the pellet in RIPA 
buffer (150 mM NaCl, 1% NP-40, 0.1% SDS, proteases inhibitors in 50 mM Tris-HCl pH8.0). Lysates (100 µg of 
www.nature.com/scientificreports/
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proteins) were then analyzed by Western blotting performed as previously described48. Phosphorylation levels 
of p38, MAPKAPK-2, HSP-27 or total Nrf-2 were detected by using specific antibodies purchased from Cell 
Signal Technology (Danvers, MA, USA). HO-1 antibody was from Bethyl (Montgomery, TX, USA). To nor-
malize protein intensity levels, a specific antibody against anti-GAPDH or anti B-23 (ThermoFisher, Rockford, 
IL, USA) were used for cytosolic and nuclear extracts, respectively. The chemiluminescence detection system 
(SuperSignal® West Pico) was from Thermo Fisher.
Catalase assay. Quantitative determination of catalase activity of spores and of cells after spore incubation 
was measured by the loss of absorbance at 240 nm as previously described by Beers and Sizer49. Briefly, spores 
(5 × 108 or 1 × 109) or cell lysate (50 µg) were incubated for 30 min at room temperature in 1 mL of hydrogen per-
oxide solution [50 mM Potassium Phosphate Buffer, pH 7.0, 0.036% (w/w) H2O2]. Then, samples were centrifuged 
for 1 min at 13000 g to remove the spores and the hydrogen peroxide concentration in solution was determined by 
measuring the absorbance at 240 nm. The percentage of peroxide removed was calculated as following:
% H O rem 1 OD sample/OD standard2 2 240nm 240nm= − .
Standard is referred to 1 ml of hydrogen peroxide solution.
Spore adhesion assays. For adhesion assays, HaCaT cells were plated at a density of 3 × 104 cells/cm2 in 
complete medium in a 24-well with cover glass for 24 h and then treated with spores previously bound with a 
red fluorescent protein35 for 30 min (1:50, cells:spores). At the end of incubation, cells were washed 3 times with 
500 µL PBS to remove non-adherent bacteria and then fixed in 4% paraformaldehyde in PBS for 15 min. To verify 
the specificity of the binding between cells and spores, in a parallel experiment cells were incubated with 0.6 M 
NaCl in PBS for 10 min50 and then washed and fixed as described above. After fixing, cells were washed 3 times 
with 500 µL PBS and then observed with an Olympus BX51 fluorescence microscope. Images were captured using 
an Olympus DP70 digital camera equipped with Olympus U-CA Magnification Changer (100×) and processed 
with Image Analysis Software (Olympus) for minor adjustments of brightness, contrast and color balance and for 
creation of merged images.
To estimate the percentage of spores bound to cells, the same experiment described above was performed, but 
instead of fixing cells, cells were detached in trypsin and resuspended in PBS (2 × 104 cells/mL). Fluorescence 
intensity of the cell suspension was measured by a Perkin-Elmer LS50 spectrofluorimeter (540 nm excitation 
wavelength, 625 nm emission wavelength, 300 nm/min scanning speed, 5 slit width for both excitation and emis-
sion). Rhodamine fluorescence was expressed as fluorescence intensity of the sample under test, and the fluores-
cence of untreated cells was subtracted from PY79- and PY79 + NaCl- treated cells. Alternatively, to determine 
the amount of spores bound to the cells, the procedure described by Batista and colleagues was followed51. Briefly, 
at the end of the experiment, cells were detached by trypsin, lysed and heated at 65 °C for 30 min and then plated 
on LB-agar plates. After incubation at 37 °C over-night, CFUs were counted.
Statistical analyses. In all the experiments samples were analyzed in triplicate. The results are presented 
as mean of results obtained after at least three independent experiments (mean ± SD) and compared by one-way 
ANOVA following Tukey’s multiple comparison test using Graphpad Prism for windows, Version 6.01.
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